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spring shifts have been shown in birds (Crick et al. , 
1997), f ishes (Gillet and Quétin, 2006) and amphi-
bians (Beebee, 1995). 
Environmental temperature changes are particu-
larly expected to affect ectotherms because of their 
physiological and behavioural dependence on local 
temperature conditions (Rome et al. ,  1992). Above 
species-specific thresholds, temperature increase 
was shown to be detrimental to such organisms 
(Huey and Kingsolver, 1989; Angilletta et al. ,  2002). 
Temperature biases the sex ratio in reptiles cau-
sing disturbance in population structure (Janzen, 
1994; Hawkes et al. ,  2007). In amphibians (common 
toads), it negatively affects the female body condi-
tion and survivorship (Reading, 2007), whereas 
the artificial suppression of hibernation advances 
sexual reproduction and possibly reduces fitness 
because of correlation between size and fecundity 
(Jørgensen, 1986). Despite this, the direct effects 
of temperature on fecundity are not clear as pre-
vious reports showed contrasting results. There 
was only one study on amphibians (Kaplan, 1987), 
which showed an increase of clutch size, with tem-
perature, in an Asiatic toad after hormonal injec-
tion. In other organisms, such as invertebrates and 
fish, all patterns were found with highest fecundity 
at high (Ashamo and Odeyemi, 2004),  low (Hotta et 
al. ,  2001; Brown et al. ,  2006; Reyjol et al. ,  2009) or 
intermediate (Collins and Leather, 2001; Pervez and 
Pervez, 2002) temperatures.
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Abstract
Increases of g loba l temperatures have resulted in measurable shif ts in the distr ibut ion, phenolog y and
sur viva l of some plant and animal species. However, the mechanisms showing l inks between globa l
warming and biodiversity decl ines remain unclear. The a im of this study was to examine whether a key
parameter of f itness, i .e. of fspring number, could be af fected by a temperature increase. To this end, we
compared egg-lay ing tra its at natura l ly occurring temperatures (14°C, 18°C and 22°C) in pa lmate new ts,
Lissotr iton helveticus .  Our study suggests that water temperature increase has a negat ive ef fect on the
fecundity of female new ts. Females lay ha lf as many eggs at high temperatures as they do at low
temperatures, which results in a lower number of hatchl ings. This study shows that g loba l warming
would af fect amphibian populat ions. It complements other studies in point ing out that changes in
phenolog y may not be driven only by warmer earl ier temperatures but a lso by counter-select ion during
late-breeding, par t icularly in long-term breeders such as new ts. More experimenta l studies should be
carried out to understand the complex consequences of g loba l warming and the proximate mechanisms
of amphibian decl ine.
 2009 Elsevier Masson SAS. All rights reserved. 
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1. Introduction
Over the 20th century, the average global surface 
temperature has risen by about 0.6°C. In addition, 
the 1990s was the warmest decade since 1861 and 
data for the Northern Hemisphere indicate that the 
increase in temperature in the twentieth century 
is probably the largest during the past 1000 years 
(Jones et al. ,  2001; International Panel on Climate 
Change, 2002). A number of extreme events in wea-
ther and climate are predicted for the 21st centu-
ry. These include more hot days, higher minimum 
temperatures, fewer cold days, more intense preci-
pitation events, and increased summer continental 
drying associated with drought (International Panel 
on Climate Change, 2002). Modelled projections for 
climate change in the next 100 years predict further 
accelerated levels of warming with a global tem-
peratures expected to increase by 1.4-5.8 C by the 
year 2100 (International Panel on Climate Change, 
2002).
There is increasing evidence that a large number 
of species have been or would be affected by this 
rapid change of temperature (Thomas et al. ,  2004). 
At a spatial scale, shifts in abundance and distribu-
tion patterns have already been found in numerous 
plant and animal species (McCarty, 2001; Parmesan 
and Yohe, 2003; Root et al. ,  2003). At a temporal 
scale, long-term changes in phenology, including 
earlier f lowering, emergence, migration and bree-
ding have been documented (Walther et al. ,  2002; 
Parmesan and Yohe, 2003). For example, earlier 
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Amphibians are suitable models to test the ef-
fects of temperature increase because they are small 
ectotherms, from which fitness can be determined 
in the laboratory (Duellman and Trueb, 1994). The 
fact that they can live in a wide range of tempera-
ture is also interesting to test an effect of fecun-
dity at temperatures that may be detrimental for 
reproduction, but not for activity. Amphibians are 
declining dramatically in many areas of the world 
and have done so particularly over the past 25 years 
(Houlahan et al. ,  2000; Lips et al. ,  2006). Climate 
change has been recognized as a proximate factor of 
extinction (Carey and Alexander, 2003; Collins and 
Storfer, 2003) and phenological change, such as ear-
lier spring shifts (Beebee, 1995; Gibbs and Breisch, 
2001). It is also believed to affect patterns of dis-
tribution of both localised and widespread species 
(Denoël et al. ,  2009; Popescu and Gibbs, 2009). 
Few studies have established causality between the 
climate change and the amphibian declines. They 
showed that a warmer climate, particularly mild 
winters, have consequences for body condition 
(Jørgensen, 1986; Reading, 2007) and larval deve-
lopment (Reading and Clarke, 1999), both of which 
have the potential to influence the dynamics of a 
population.
Our aim was to determine, experimentally, 
whether temperature increase could affect a key life-
history trait, fecundity. Particularly, we hypothesize 
that fecundity may be altered at a high rearing tem-
perature. To test this hypothesis, we compared in 
laboratory conditions egg-laying traits of palmate 
newts at naturally occurring temperatures, encom-
passing the predicting values under the forecasts of 
climate change.
2. Materials and methods
The study species, the palmate newt Lissotriton hel-
veticus  — previously named Triturus helveticus  is 
common inWestern Europe and classed as “Least 
Concern” by the IUCN (Arntzen et al. ,  2008). This 
species breed in water, but uses also terrestrial 
habitat, particularly outside the breeding period 
(Denoël, 2007). A total of 240 adult palmate newts 
(120 males and 120 females) were caught by dip-
netting in a cattle pond at La Plane, in Southern-
Larzac, Department of Aveyron, France (43°55’6’’N, 
3°16’15’’E, elevation 760m a.s.l.).  This study site is 
located in an area where the mean annual tempe-
rature (10.6°C,WordClim: Hijmans et al. ,  2005) is 
predicted to have a 4°C increase by 2100 (Interna-
tional Panel on Climate Change, 2002). The pond is 
75 m² and 1.5 m deep. Water is clear and pH, basic. 
Collection took place at the start of the breeding 
season in mid February 2007, just after the surface 
of the pond thawed. Months with average minimum 
temperatures below 0°C are December, January 
and February (WordClim data). Field and labora-
tory observations showed that palmate newts had 
not reproduced before sampling. After capture, the 
newts were carried directly to the laboratory by car 
in refrigerated and humid containers (no mortality 
during transportation).
Males and females were initially kept separately 
in six 800 L aquaria (40 individuals/aquarium). The 
newts were fed live Chironomus  larvae ad libitum 
(60 mg/newt) every afternoon. Two aquaria were 
maintained at a mean temperature of 14.45°C (SE 
0.07), two at 17.97°C (SE 0.08), and two at 21.92°C 
(SE 0.04). These three water temperatures were cho-
sen because they were within the range of natural 
temperatures occurring during the reproductive 
activity of palmate newts at the study site. In the 
pond from where the newts were caught, we moni-
tored temperature every day from the first to the 
last courtship act. Water temperature varied from 
6.5°C to 23.5°C (mean ± SE =14°C ± 0.10; Fig. 1). 
Our maximum temperature (22°C) is thus under 
the maximum temperature encountered by newts 
at the time of insemination. It is also fully realis-
tic during egg-laying, which takes place during and 
after the courtship period, i.e. when temperatures 
reach higher values. In the laboratory, the photo-
period was set at 12.5L/11.5D to simulate the natu-
ral photoperiod. Each tank was oxygenated through 
airstones.
The newts were acclimated for 12 days in the la-
boratory prior to the onset of the experiments. After 
the experiment, all newts and resultant larvae were 
released to the site where the adults were originally 
collected.
Paired encounters (n  = 120) were staged between 
27 February and 21 March 2007. All encounters 
were unique, as each individual was used only once. 
In each experiment, one male and one female, both 
randomly chosen, were placed in an aquarium (50 x 
25 cm and 30 cm high). The trials were conducted 
at three temperatures (mean  ± SE): 13.91 ± 0.03°C 
(n  = 40); 18.11  ± 0.04°C (n  = 40) and 21.94 ± 0.04°C 
(n  = 40); i.e. the animals were placed in the obser-
vation aquarium at a temperature similar to that of 
the maintenance aquaria. The light intensity was 
5000 lux at the bottom of the aquarium (one day-
light neon tube Lumilux de lux 2350 lm, L36W/12-
950 and one normal neon tube Sylvania Professio-
nal, 36W DECOR183). The tank water was replaced 
after each trial.  All encounterswere staged in the 
morning between 8:00 and 12:00. At the end of the 
encounter, the body mass of females was measured 
to the nearest of 0.1 g.
The first sixty females (n  = 20 for each tempe-
rature), who picked up at least one spermatophore 
deposited by the male during the sexual encounter 
(in such cases, the sperm mass adheres to the cloaca 
of females), were individually housed in tanks (30 x 
20 cm and 17 cm high, n  = 60) with a plastic tube as 
refuge. Strips of f ilter paper (7 cm long) were pro-
vided as an egg-laying substrate. The water tempe-
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Fig. 1.  Variations of water temperature during the 
courtship period of palmate newts: 14 March (Julian day 
73) to 23 June 2006 (Julian day 174), La Plane, France. 
Solid line: mean temperature, dotted lines: minimum and 
maximum temperature.
maintenance tanks from which came the newts.
Eggs were collected and counted each afternoon. 
Eggs from the same female were stocked in tanks 
(15 x 12 cm and 5 cm high, n  = 60) with the same 
water temperature as that in the egg-laying tanks 
(14,18 or 22°C). Egg collection took place from 28 
February to 25 May 2007. Egg collection was stop-
ped when all females had finished laying their eggs, 
i.e. 65 days after insemination.
The oviposition number (number of deposited 
eggs; O1 hereafter), the oviposition period (mea-
sured as the number of days between the sperm 
transfer day and the last egg-laying; O2), and the 
rate of oviposition (calculated as the ratio between 
the number of deposited eggs and the oviposition 
period; O3), were recorded for each female. Consi-
dering the oviposition period as the time from the 
first and last deposited eggs gave identical results 
to the above indicated index. To avoid redundancy, 
we have chosen to present only the first index. Va-
riables associated with hatching were also recorded: 
the number of hatchlings (H1), the latency (the 
number of days between the first oviposition and 
the first egg to hatch; H2) and the hatching success 
(the total number of eggs hatching as a proportion 
of the total number of eggs laid; H3).
A multivariate analysis of variance (MANOVA) 
was used to determine the significance of water 
temperature on variables associated with oviposi-
tion and hatching. Subsequent ANOVAs were used 
to determine the effect of temperature on the six 
life-history variables. When ANOVAs showed signi-
ficant differences among treatments, pairs of treat-
ments were compared using Bonferroni’s post-hoc 
comparisons to take into account the experiment-
wise error. All variables were normalized by arc-
sin (proportions), logarithm (continuous data) and 
square-root (counts) transformation before calcu-
lating the parametric significance test (Sokal and 
Rohlf, 1995). However, for clarity nontransformed 
data were presented graphically. Statistical analyses 
were carried out using Statistica 7.1. The signifi-
cance level was set at a α = 0.05.
3. Results
All but one female in each temperature group ovipo-
sited during the 65-d experiment (n  = 59). Females 
at the time of the insemination did not differ in 
body mass among the three water treatments (mean 
± SE = 2.3 g  ± 0.1; ANOVA: F2,56 = 0.005, P  = 0.99). 
The water temperature had an overall significant 
effect on fecundity parameters: number of deposited 
eggs and oviposition period and the rate of ovipo-
sition during the oviposition period (MANOVA: 
Wilk’s λ = 0.662, F6,98 = 3.737; P  < 0.01). The num-
ber of eggs laid varied with temperature (ANOVA: 
F2,53 = 4.561, P  < 0.05; Fig. 2-O1): half as many eggs 
were laid at the highest temperature than at either 





















































































































Fig. 2. Effect of temperature treatment on the oviposition (left) and hatching (right) of palmate 
newts. O1: Oviposition number (number of laid eggs); O2: Oviposition period (from copulation to 
the last deposited eggs); O3: Oviposition rate (number of eggs deposited per day during the ovipo-
sition period); H1: Hatching number (number of eggs that hatched)H2: Hatching latency (time from 
oviposition to the first hatching); H3: Hatching rate (number of hatched eggs over the number of 
deposited eggs). See text for statistical results.
< 0.05). The longest oviposition period was at the 
lowest temperature (ANOVA: F2,53 = 5.646, P  < 0.01; 
Bonferroni’s test: P  < 0.01; Fig. 2-O2). There was no 
significant difference among treatments in the rate 
of oviposition (ANOVA: F2,51 = 0.461, P  = 0.63; Fig. 
2-O3).
Hatching was also affected by temperature (MA-
NOVA: Wilk’s λ = 0.129, F6,96 = 28.622, P  < 0.001). 
The number of hatchlings was three times larger 
at the two lowest temperatures than at the highest 
(ANOVA: F2,51 = 7.763, P  < 0.01; Bonferroni’s test: 
P< 0.01; Fig. 2-H1). Eggs hatched significantly later 
at low temperature: 11 days later at 14°C than at 
18°C and 17 days later than at 22°C (ANOVA: F2,51 
= 109.381, P  < 0.001; Bonferroni’s test: P  < 0.001; 
Fig. 2-H2). Hatching rate, i.e. the proportion of the 
eggs that hatched, was not significantly dependent 
on temperature (ANOVA: F2,50 = 0.388, P  = 0.68; 
Fig. 2-H3).
4. Discussion
This study showed that water temperature has an ef-
fect on the fecundity of palmate newts. An increase 
of water temperature experienced by palmate newts 
during the natural breeding period had a clear nega-
tive effect as only half as many eggs were laid at the 
highest temperature compared with the two lower 
temperature treatments, which results in only a 
third of hatchlings. Our experimental results pro-
vide clear evidence that temperature increase has a 
direct detrimental effect on a reproductive output in 
an amphibian, which might, particularly in threate-
ned species, results in their decline. Previous stu-
dies on global warming focused mainly on pheno-
logical change and survival (McCarty, 2001;Walther 
et al. ,  2002; Parmesan and Yohe, 2003; Root et al. , 
2003). Those on amphibians showed earlier bree-
ding (Reading, 1998), behavioural tolerance (De-
noël, 1998; Denoël et al. ,  2005), population crashes 
during hot summers (Denoël, 2006), and reduced 
fecundity in mild winters due to smaller body size 
(Reading, 2007). The present results extend their 
support in proposing an additional possible expla-
nation to declines but also to changes in phenology. 
They are also similar to those recently obtained in 
the bullhead, a f ish species, for which the relative 
mass allocation to gonads decreased as temperature 
increased (Reyjol et al. ,  2009).
Low egg and larval production means a reduction 
of the reproductive rate of the species. In nature, egg 
survival is twenty times lower than in the laboratory 
(Miaud, 1991): 3% against 64% in our experiments. 
If fecundity is reduced by one half to one third in 
a natural situation, this would lead to a very low 
hatching success, with, consequently, possibly long-
term population consequences. However, popula-
tion-level responses (e.g. population growth rate) 
are harder to predict (Biek et al. ,  2002), especially 
because density dependence may buffer against such 
negative impacts (Vonesh and De la Cruz, 2002). 
Further studies are clearly needed to test whether 
the effects of factors extrinsic to the population on 
larvae or adults translate into effects on population 
growth and ultimately population declines (Vonesh 
and De la Cruz, 2002).
Although field studies on reptiles (Chamaillé-
Jammes et al. ,  2006) found that global warming 
was associated with an increase of body size, and 
thus of clutch size, the potential benefit for pal-
mate newts could not balance the important draw-
back. Although a strategy could be to produce fewer 
but bigger eggs, it was not the case in the present 
study where we found a lower hatching rate at the 
highest temperature but also larvae with shorter 
length at hatching, i.e. when fewer eggs were pro-
duced. Moreover, some larvae displayed deformities 
such as curved tails few days after hatching at 22°C. 
This may be due to a too fast developmental rate 
at the highest temperature (the first eggs hatched 
three times faster at 22°C than as 14°C). Voss (1993) 
showed also, in Ambystoma maculatum ,  that at high 
temperatures, larvae emerge at smaller body sizes 
and less advanced developmental stages.
The underlying mechanisms explaining the de-
crease of female oviposition at high temperature 
are unknown. Gravid females had higher rates of 
oxygen consumption with increasing temperatures 
in comparison with postgravid females (Finkler, 
2006). Egg-laying may also be costly due to grea-
ter energetic expenditure. It would be energeti-
cally advantageous for a female to resorb eggs or 
delay egg laying when environmental temperatures 
are not favourable for offspring’s survival (Santo-
lamazza-Carbone et al. ,  2008). On the other hand, 
because reproductive hormones, such as prolactine, 
are temperature-dependent in newts (Takahashi et 
al. ,  2001; Mosconi et al. ,  2002), it could be hypothe-
sized that too high temperatures may cause changes 
in hormone concentrations, which in turns may in-
f luence egg production. Further investigations are 
needed to describe the physiological mechanisms 
mediating these effects.
5. Conclusions
Amphibians have been already widely advocated as 
good biological indicators of environmental health 
(Wake, 1991). The response of palmate newts to 
temperature increase could thus be viewed as alar-
ming. Studies investigating a relationship between 
phenology of breeding and climate change have 
found contradictory results between amphibian 
species, some were breeding earlier and others were 
not (Gibbs and Breisch, 2001). Our results highlight 
that phenology would not change only because tem-
peratures start to be warmer earlier (Beebee, 1995; 
Walther et al. ,  2002), but also because late-breeding 
would be counter-selected by high temperatures. As 
amphibians are essential parts of the trophic chain 
between aquatic and terrestrial ecosystems (Burton 
and Likens, 1975), their disappearance, or changes 
in phenology, may also have broader effects with 
changes in the structure of communities and ecosys-
tem dynamics (Burton and Likens, 1975; Donnelly 
and Crump, 1998).
Despite the large interest on the consequences of 
climate change, little is known on the mechanisms 
by which species could decline. The main reason 
comes from the complexity of processes involving 
living organisms. On one hand, our study highlights 
a direct risk of high temperatures on fecundity, but 
on another hand it appeals for additional research to 
understand how changes in fecundity could trans-
late into declines in the wild. It also shows that bio-
logical indicators such as amphibians are particu-
larly recommended to assess environmental changes 
as they can be very sensitive to climatic alterations.
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